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Description 
Continuous Flow Deposition System 

Cross Reference to Related Applications 

[0001] This patent application claims priority to U.S. provisional 

patent application Serial No. 60/320,065, filed on March 

28, 2003, the entire disclosure of which is incorporated 

herein by reference. 
Background of Invention 

[0002] chemical Vapor Deposition (CVD) is widely used to de- 
posit dielectrics and metallic thin films. There are many 
techniques for performing CVD. For example, CVD can be 
preformed by introducing two or more precursor 
molecules in the gas phase (i.e., precursor gas A molecule 
and precursor gas B molecule) into a process chamber 
containing a substrate or work piece at pressures varying 

-3 

from less than 10 Torr to atmosphere. 
[0003] The reaction of precursor gas molecule A and precursor 
gas molecule B at a surface of a substrate or work piece is 
activated or enhanced by adding energy. Energy can be 



added in many ways. For example, energy can be added 
by increasing the temperature at the surface and/or by 
exposing the surface to a plasma discharge or an ultravio- 
let (UV) radiation source. The product of the reaction is 
the desired film and some gaseous by-products, which 
are typically pumped away from the process chamber. 
[0004] M 0St cvd reactions occur in the gaseous phase. The CVD 
reactions are strongly dependent on the spatial distribu- 
tion of the precursor gas molecules. Non-uniform gas 
flow adjacent to the substrate can result in poor film uni- 
formity and shadowing effects in three-dimensional fea- 
tures, such as vias, steps and other over-structures. The 
poor film uniformity and shadowing effects result in poor 
step coverage. In addition, some of the precursor 
molecules stick to a surface of the CVD chamber and react 
with other impinging molecules, thereby changing the 
spatial distribution of the precursor gases and, therefore, 

the uniformity of the deposited film. 
Brief Description of Drawings 

[0005] This invention is described with particularity in the de- 
tailed description. The above and further advantages of 
this invention may be better understood by referring to 
the following description in conjunction with the accom- 



panying drawings, in which like numerals indicate like 
structural elements and features in various figures. The 
drawings are not necessarily to scale, emphasis instead 
being placed upon illustrating the principles of the inven- 
tion. 

[0006] FIG. 1 illustrates a perspective view of an embodiment of 
an ALD system according the present invention. 

[0007] FIG. 2 illustrates a flow chart of a method of performing 
ALD according to the present invention for the ALD sys- 
tem described in connection with FIG. 1. 

[0008] FIG. 3 illustrates a top view of the ALD system of FIG. 1 

that shows a particular reaction chamber and gas injection 
manifold design according to the present invention. 

[0009] FIG. 4A,B illustrate two embodiments of a gas injection 
manifold for an ALD system according to the present in- 
vention. 

[0010] FIG. 5 illustrates a perspective view of an embodiment of 
an ALD system having a reaction chamber including a 
plasma generator that is used for plasma enhanced ALD 
processing. 

[001 1] FIG. 6 illustrates a perspective view of an embodiment of 
an ALD system including a plurality of reaction chambers 
according the present invention. 



[0012] FIG. 7 illustrates a perspective view of an embodiment of 
an ALD system that includes reaction chambers that rotate 
relative to the substrates according the present invention. 

[0013] FIG. 8A,B illustrate two techniques of sealing the reaction 
chambers according to the present invention to prevent 
reactants from escaping from the reaction chambers. 

[0014] FIG. 9 illustrates a differentially pumped interface that can 

be used to seal the reaction chambers according to the 

present invention to prevent reactants from escaping from 

the reaction chambers. 
Detailed Description 

[0015] Atomic Layer Deposition (ALD) is a variation of CVD that 
uses a self-limiting reaction. The term "self-limiting reac- 
tion" is defined herein to mean a reaction that limits itself 
in some way. For example, a self-limiting reaction can 
limit itself by terminating after a reactant is completely 
consumed by the reaction. One method of ALD sequen- 
tially injects a pulse of one type of precursor gas into a 
reaction chamber. After a predetermined time, another 
pulse of a different type of precursor gas is injected into 
the reaction chamber to form a monolayer of the desired 
material. This method is repeated until a film having the 
desired thickness is deposited onto the surface of the 



substrate. 

[0016] For example, ALD can be performed by sequentially com- 
bining precursor gas A and precursor gas B in a process 
chamber. In a first step, a gas source injects a pulse of 
precursor gas A molecules into the process chamber. Af- 
ter a short exposure time, a monolayer of precursor gas A 
molecules deposits on the surface of the substrate. The 
process chamber is then purged with an inert gas. 

[0017] During the first step, precursor gas A molecules stick to 
the surface of the substrate in a relatively uniform and 
conformal manner. The monolayer of precursor gas A 
molecules covers the exposed areas including vias, steps 
and surface structures in a relatively conformal manner 
with relatively high uniformity and minimal shadowing. 

[0018] process parameters, such as chamber pressure, surface 
temperature, gas injection time, and gas flow rate can be 
selected so that only one monolayer remains stable on the 
surface of the substrate at any given time. In addition, the 
process parameters can be selected for a particular stick- 
ing coefficient. Plasma pre-treatment can also be used to 
control the sticking coefficient. 

[0019] | n a second step, another gas source briefly injects pre- 
cursor gas B molecules into the process chamber. A reac- 



tion between the injected precursor gas B molecules and 
the precursor gas A molecules that are stuck to the sub- 
strate surface occurs and that forms a monolayer of the 
desired film that is typically about 1-2 Angstroms thick. 
This reaction is self-limiting because the reaction termi- 
nates after all the precursor gas A molecules are con- 
sumed in the reaction. The process chamber is then 
purged with an inert gas. 

[0020] The monolayer of the desired film covers the exposed ar- 
eas including vias, steps and surface structures in a rela- 
tively conformal manner with relatively high uniformity 
and minimal shadowing. The precursor gas A and the pre- 
cursor gas B molecules are then cycled sequentially until a 
film having the desired total film thickness is deposited 
on the substrate. Cycling the precursor gas A and the pre- 
cursor gas B prevents reactions from occurring in the 
gaseous phase and generates a more controlled reaction. 

[0021] Atomic Layer Deposition has been shown to be effective in 
producing relatively uniform, pinhole-free films having 
thickness that are only a few Angstroms thick. Dielectrics 
have been deposited using ALD that exhibit relatively high 
breakdown voltages and relatively high film integrity com- 
pared with other methods, such as PVD, thermal evapora- 



tion and CVD. 

[0022] However, in practice, secondary effects, such as non- 
uniform flow distribution and residual cross- 
contamination, limit the achievable uniformity and in- 
tegrity of films deposited by ALD. These secondary ef- 
fects, although much less pronounced compared with 
known CVD methods, are significant limitations that pre- 
vent ALD from being useful for some applications. 

[0023] There have been many attempts to improve the uniformity 
and integrity of ALD films with varying success. For exam- 
ple, researchers have developed new precursor gas 
chemistries, new techniques for surface pre-treatment, 
and new methods for injecting precursor gases at precise 
times in efforts to improve the uniformity and integrity of 
ALD films. 

[0024] The ALD processing system according to the present in- 
vention eliminates non-uniformities and poor film in- 
tegrity that are caused when the precursor gas sources 
are cycled by injection and purging in known ALD sys- 
tems. The ALD system according to the present invention 
includes at least two spatially separated reaction cham- 
bers and a transport mechanism that transports sub- 
strates relative to the reaction chambers. The substrates 



can be transported relative to the reaction chambers in a 
continuous motion. Another transport mechanism can 
transport the reaction chambers relative to the substrates. 

[0025] FIG. 1 illustrates a perspective view of an embodiment of 
an ALD system 100 according the present invention. The 
ALD system 100 includes a deposition chamber 102 that 
includes a first 104 and a second reaction chamber 106, a 
processing region 108, and a transport mechanism 110 
that supports substrates 112 and transfers the substrates 
112 relative to the first reaction chamber 104, the second 
reaction chamber 106, and the processing region 108. 

[0026] a vacuum pump 114 is positioned in fluid communication 
with the deposition chamber 102. The vacuum pump 114 
evacuates the deposition chamber 102 to the desired op- 
erating pressure. The vacuum pump 114 and the associ- 
ated control system can also be used to control the pres- 
sure during processing and can purge the deposition 
chamber 102 of reactant gases and gas by-products dur- 
ing and after processing. 

[0027] The first 104 and the second reaction chamber 106 are 
positioned inside of the deposition chamber 102 and are 
designed to contain a reactant and also to prevent that 
reactant species from escaping into other areas of the de- 



position chamber 102. There are numerous ways to seal 
the reaction chambers 104, 106 relative to the deposition 
chamber 102 to prevent reactants from escaping from the 
reaction chambers 104, 106 as described herein. 

[0028] | n practice, however, there may be some relatively small 
residual quantity of precursor gas molecules that escape 
from the reaction chambers 104, 106 or that remain on 
the surface of the substrates 112. The residual quantity of 
precursor gases is generally less than the quantity that is 
required to cause a significant reaction on the surface of 
the substrate 112. 

[0029] The reaction chambers 104, 106 each include a gas injec- 
tion manifold 116a,b that injects precursor gas molecules 
into the reaction chambers 104, 106. Numerous types of 
gas injection manifolds can be used. The shape of the gas 
injection manifold 116a,b can be chosen to provide a 
substantially constant flow of reactant species as the sub- 
strate passes through the reaction chambers 104, 106 at 
a particular rotation rate. The ALD system 100, however, 
does not require a gas injection system with precise con- 
trol over the gas injection volume and time interval of in- 
jection that is commonly used in many other known ALD 
systems. Therefore, the ALD system 100 is relatively sim- 



pie and inexpensive to manufacture. 

[0030] | n one embodiment, at least one of the reaction chambers 
104, 106 includes a plasma generator that is used for 
plasma enhanced ALD processing. The plasma generator 
can be physically located in the reaction chambers 104, 
106 so that it generates a plasma directly in the reaction 
chambers 104, 106. Alternatively, the plasma generator 
can be remotely located relative to the reaction chambers 
104, 106 in a downstream configuration. In the down- 
stream configuration, a plasma is generated by a remote 
plasma source that is physically located outside of the re- 
action chambers 104, 106 and then the plasma is directed 
into the reaction chambers 104, 106. 

[0031] The processing region 108 is positioned inside the depo- 
sition chamber 102 and includes one or more apparatus 
118 for performing at least one surface treatment or com- 
bination of surface treatments on the substrates 112 
passing through the processing region 108. The appara- 
tus 118 for performing the surface treatments on the 
substrates can be physically located inside the processing 
region 108 or can be remotely located relative to the pro- 
cessing region 108 as shown in FIG. 1. In one embodi- 
ment, the processing region 108 is shaped so as to causes 



a substantially constant exposure of the surface treatment 
performed on the substrates 112 passing through the 
processing region 108. 

[0032] The apparatus 118 for performing the surface treatments 
in the processing region 108 can perform one or more 
types of surface treatments. For example, the apparatus 
118 in the processing region 108 can be used to clean the 
surface of the substrates 112 passing through the pro- 
cessing region 108. The apparatus 118 in the processing 
region 108 can also be used to modify the sticking coeffi- 
cient on the surface of the substrates 112 and/or to acti- 
vate a reaction on the surface of the substrates 112. In 
addition, the apparatus 118 in the processing region 108 
can be used to deposit a metallic, semiconductor, or di- 
electric film on the surface of the substrates 112. 

[0033] | n one embodiment, the apparatus 118 in the processing 
region 108 is a plasma generator. The plasma generator 
can be used to expose the substrates 112 passing 
through the processing region 108 to a plasma that per- 
forms a surface treatment on the substrates 112. For ex- 
ample, the plasma generator can be a magnetron plasma 
generator. Alternatively, the plasma generator can be a 
down-stream plasma generator, such as a down-stream 



microwave or ECR plasma source, that is remotely located 
relative to the processing region 108. 
[0034] The plasma generated by the plasma generator can be 
used to clean the surface of the substrates 112 before 
ALD processing. In addition, the plasma generated by the 
plasma generator can be used to surface treat the sub- 
strates 112 between exposures of precursor gas 
molecules during ALD processing. In addition, the plasma 
generated by the plasma generator can be used to sputter 
metallic or dielectric material on the surface of the sub- 
strates 112. 

[0035] | n one embodiment, the apparatus 118 for performing 

surface treatments in the processing region 108 is an en- 
ergy source. For example, the apparatus 118 for perform- 
ing surface treatments can include at least one of an ion 
beam source, an electron beam source or an UV radiation 
source. The energy source can be positioned inside the 
processing region 108 or can be remotely located relative 
to the processing region 108 as shown in FIG. 1. In this 
embodiment, the processing region 108 is used to expose 
the substrates 112 to an energy source. The energy 
source can be used for many applications, such as activat- 
ing a reaction on the surface of the substrate 112, remov- 



ing by-product materials, and cleaning the surface of the 
substrates 112. 

[0036] The energy source can include a distribution grid 120 to 
direct the energy to substrates 112 passing through the 
processing region 108. In one embodiment, the hole pat- 
tern in the distribution grid 120 is chosen so that the 
substrates 112 are exposed to a constant dose of energy 
as they pass through the processing region 108. 

[0037] The transport mechanism 110 includes at least one sub- 
strate support 122 that supports the substrates 112 or 
work pieces during ALD processing. In one embodiment, 
the transport mechanism 110 is mechanically connected 
to a motor 124 that rotates the substrate support 122. 
The desired number of substrate supports 122 depends 
upon the desired throughput of the ALD system 100. A 
port 126 in the deposition chamber 102 provides access 
to inside the deposition chamber 102 so that the sub- 
strates 112 can be transported onto the substrate sup- 
ports 122 for ALD processing and removed from the de- 
position chamber 102 after ALD processing. 

[0038] | n one embodiment, a transfer mechanism (not shown) 
positions the substrates 112 adjacent to the port 126 so 
that the substrates 112 can be easily transported to and 



from the substrate supports 122. In one embodiment (not 
shown), the port 126 is in fluid communication with an- 
other processing tool (not shown) so that substrates 112 
can be transported to and from the other processing tool 
without exposing the substrates 112 to atmospheric pres- 
sure. For example, the deposition chamber 102 can be 
part of a cluster tool (not shown) in which the substrates 
112 are transported to and from another process chamber 
in the cluster tool to and from the deposition chamber 
102. 

[0039] The transport mechanism 110 transports at least one 

substrate 112 relative to the first reaction chamber 104, 
the second reaction chamber 106, and the processing re- 
gion 108. In one embodiment, the transport mechanism 
110 transports the substrate supports 122 holding the 
substrates 112 while the first 104 and the second reaction 
chamber 106 remain in a fixed position. In this embodi- 
ment, the transport mechanism 110 transports the sub- 
strate supports 122 in a path through the first reaction 
chamber 104, through the second reaction chamber 106, 
and through the processing region 108 during ALD pro- 
cessing. 

[0040] For example, the transport mechanism 110 can be a ro- 



tating member, such as a rotating disk, that is attached to 
the substrate supports 122 and the motor 124. The rotat- 
ing member rotates the substrates 112 in the path 
through the first reaction chamber 104, through the sec- 
ond reaction chamber 106, and through the processing 
region 108. The rotating member transport mechanism 
110 can provide a high-degree of deposition uniformity 
because of the rotational symmetry provided by the disk. 

[0041] | n another embodiment, the transport mechanism 110 

transports the first reaction chamber 104, the second re- 
action chamber 106, and the processing region 108 rela- 
tive to the substrates 112, while the substrates 112 re- 
main in a fixed position. For example, in this embodi- 
ment, the reaction chambers 104, 106 and the processing 
region 108 are attached to a rotating member (not shown) 
that rotates the reaction chambers 104, 106 and the pro- 
cessing region 108 relative to the substrate supports 122. 

[0042] | n y e t another embodiment, the transport mechanism 110 
rotates the substrates 112, the reaction chambers 104, 
106, and the processing region 108 relative to each other. 
For example, in this embodiment, the reaction chambers 
104, 106 and the processing region 108 are attached to a 
first rotating member (not shown) and the substrate sup- 



ports 122 are attached to a second rotating member (not 
shown). 

[0043] FIG. 2 illustrates a flow chart 150 of a method of perform- 
ing ALD according to the present invention for the ALD 
system 100 described in connection with FIG. 1. The 
method is described in connection with the ALD system of 
FIG. 1 where the first 104 and the second reaction cham- 
ber 106 remain in a fixed position while the substrates 
112 are transported through the reaction chambers 104, 
106. However, other embodiments in which the substrates 
112 and/or the reaction chambers 104, 106 are trans- 
ported are within the scope of the present invention. 

[0044] | n a fj rs t step 152, the deposition chamber 102 is evacu- 
ated to the desired operating pressure by the vacuum 
pump 114. In a second step 154, precursor gas A 
molecules are injected into the first reaction chamber 104 
to create the desired partial pressure of precursor gas A in 
the first reaction chamber 104. In some embodiments, 
precursor gas A and a second precursor gas are injected 
into the first reaction chamber 104. Also, in some embod- 
iments, precursor gas A and a non-reactive gas are in- 
jected into the first reaction chamber 104. In one embodi- 
ment, the temperature of the first reaction chamber 104 is 



controlled to a temperature that promotes the desired re- 
action with the surface of the substrates 112 passing 
through the first reaction chamber 104. 

[0045] | n a third step 156, precursor gas B molecules are injected 
into the second reaction chamber 106 to create the de- 
sired partial pressure of precursor gas B. In some embodi- 
ments, precursor gas B and a second precursor gas are 
injected into the second reaction chamber 106. Also, in 
some embodiments, precursor gas B and a non-reactive 
gas are injected into the second reaction chamber 106. In 
one embodiment, the temperature of the second reaction 
chamber 106 is controlled to a temperature that promotes 
the desired reaction with the surface of the substrates 112 
passing through the second reaction chamber 106. The 
second step 154 and the third step 156 can be performed 
in any order or can be performed simultaneously. 

[0046] | n 0 ne embodiment, a fourth step 158 is used to pre-treat 
a substrate 112 in the deposition chamber 102. For ex- 
ample, in the fourth step 158, the substrate can be ex- 
posed to a plasma or energy source, such as an ion beam, 
electron beam, or UV radiation source. The pre-treatment 
can clean the substrate 112 and/or control the sticking 
coefficient on the surface of the substrate 112. The fourth 



step 158 can be performed at any time during the pro- 
cess. For example, the fourth step 158 can also be per- 
formed directly after the deposition chamber 102 is evac- 
uated to the desired operating pressure in the first step 
152. 

[0047] | n a fifth ste p iso, the substrate 112 is transported from 
the deposition chamber 102 to the first reaction chamber 
104. The substrate 112 is then transported through the 
first reaction chamber 104 to expose the substrate 112 to 
precursor gas A molecules. In some embodiments, the 
substrate 112 is processed while it is being transported 
through the first reaction chamber 104. 

[0048] The transportation or rotation rate is chosen so that the 
substrate 112 remains in the first reaction chamber 104 
for a first predetermined time that is sufficient to cause 
the desired exposure of the substrate 112 to the partial 
pressure of precursor gas A molecules in the first reaction 
chamber 104. In some embodiments, the first predeter- 
mined time is also chosen so that the substrate 112 has 
the desired exposure to the ALD processing. During the 
first predetermined time, precursor gas A molecules stick 
to the surface of the substrate 112 in a highly uniform 
and conformal manner and form a monolayer of precursor 



gas A molecules that covers every exposed area including 
vias, steps and surface structures. 

[0049] | n a S j x th step 162, the substrate 112 containing the 
monolayer of precursor gas A molecules is transported 
out of the first reaction chamber 104 and back into the 
deposition chamber 102. In one embodiment, in a seventh 
step 164, the substrate 112 containing the monolayer of 
precursor gas A molecules are processed in the process- 
ing region 108 of the deposition chamber 102. For exam- 
ple, in one embodiment, the substrate 112 is exposed to 
a plasma, an energy source, or other type of surface treat- 
ment in the deposition chamber 102. 

[0050] | n an eighth step 166, the substrate 112 containing the 
monolayer of precursor gas A molecules is transported 
from the deposition chamber 102 to the second reaction 
chamber 106. The substrate 112 is then transported 
through the second reaction chamber 106 to expose the 
substrate 112 to precursor gas B molecules. In some em- 
bodiments, the substrate 112 is processed while it is be- 
ing transported through the second reaction chamber 
106. 

[0051] The transportation or rotation rate is chosen so that the 
substrate 112 remains in the second reaction chamber 



106 for a second predetermined time that is sufficient to 
cause the desired exposure of the substrate 112 to the 
partial pressure of precursor gas B molecules in the sec- 
ond reaction chamber 106. In some embodiments, the 
second predetermined time is also chosen so that the 
substrate 112 has the desired exposure to the ALD pro- 
cessing. 

[0052] During the second predetermined time, precursor gas B 
molecules stick to the surface of the conformal coating of 
precursor gas A molecules. A reaction between the pre- 
cursor gas B molecules and the precursor gas A molecules 
occurs. The reaction is self-limiting because the reaction 
terminates after all the precursor gas A molecules are 
consumed in the reaction. A monolayer of the desired film 
develops on the surface of the substrate 112 that is typi- 
cally about 1-2 Angstroms thick. The monolayer covers all 
of the exposed areas, including vias, steps or surface 
structures, in a relatively uniform manner without any 
shadowing. 

[0053] | n a ninth step 168, the substrate 112 is transported out 
of the second reaction chamber 106 and back into the de- 
position chamber 102. In one embodiment, in a tenth step 
170 the substrate 112 containing the monolayer of the 



desired film is processed in processing region 108 of the 
deposition chamber 102. For example, in one embodi- 
ment, the substrate 112 is exposed to a plasma, ion 
beam, electron beam or other type of surface treatment 
while in the processing region 108 of the deposition 
chamber 102. The substrate 112 remains in the deposi- 
tion chamber 102 for a predetermined time interval. 
[0054] The fifth step 160 through the tenth step 170 are then re- 
peated until a film having the desired film thickness and 
film properties is deposited on the surface of the sub- 
strate 112. Thus, the substrate 112 is sequentially trans- 
ported from the deposition chamber 102 to the first reac- 
tion chamber 104, back to the processing region 108 in 
the deposition chamber 102, to the second reaction 
chamber 106, and then back to the deposition chamber 
102. 

[0055] | n one embodiment, the substrate 112 is rotated at a sub- 
stantially continuous rotation rate from the deposition 
chamber 102 to the first reaction chamberl04, back to 
the processing region 108 of the deposition chamber 102, 
to the second reaction chamber 106, and then back to the 
deposition chamber 102. The time period that the sub- 
strate 112 is exposed to the precursor gas A molecules 



and the precursor gas B molecules in the first 104 and the 
second reaction chamber 106, respectively, is determined 
by the rotation rate of the substrate 112 within the depo- 
sition chamber 102. Also, the time periods that the sub- 
strate 112 is pretreated in the fourth step 158, and pro- 
cessed in the seventh 164 and the tenth step 170, is de- 
termined by the rotation rate of the substrate 112 within 
the deposition chamber 102. 

[0056] There are many different configurations and embodiments 
of the reaction chambers 104, 106 and the gas injection 
manifolds 116a,b of the ALD system 100 according to the 
present invention. FIG. 3 illustrates a top view 200 of the 
ALD system of FIG. 1 that shows a particular reaction 
chamber and gas injection manifold design according to 
the present invention. 

[0057] The reaction chambers 104, 106 shown in FIG. 3 are 

shaped and positioned to achieve a constant exposure of 
the substrates 112 to reactant species when the transport 
mechanism 110 transports the substrates 112 in the path 
through the reaction chambers 104, 106 at a constant ro- 
tation rate. In the embodiment shown, a first 202 and a 
second radial edge 204 of the first 104 and the second 
reaction chamber 106 are approximately aligned to a cen- 



ter 206 of the deposition chamber 102. 

[0058] This design provides a constant exposure to substrates 
112 passing through the reaction chambers 104, 106 by 
compensating for the radial dependence on the velocity of 
the substrates 112 rotating through the reaction cham- 
bers 104, 106. Providing a constant exposure can increase 
the throughput a deposition system because the prede- 
termined exposure times can be minimized. Providing a 
constant exposure can even increase the throughput of 
ALD deposition systems having self-limiting reactions be- 
cause achieving a constant exposure will eliminate the 
need to over-expose some areas of the substrates 112. 

[0059] The top view 200 of the ALD system of FIG. 1 also shows 
the gas flow of a particular gas injection manifold design 
according to the present invention. The gas injection 
manifolds 116a,b inject precursor gas A into the first re- 
action chamber 104 and precursor gas B into the second 
reaction chamber 106. In the embodiment shown, the gas 
manifolds 116a,b are delta shaped. The delta shape is 
chosen so as to maintain a uniform gas flow over the re- 
action chambers 104, 106, while the substrates 112 are 
transported through the reaction chambers 104, 106 at a 
constant rotation rate. In one embodiment, the precursor 



gases flow from the center gas manifold section 116a to 
the outer gas manifold section 116b as shown by the ar- 
rows 208. 

[0060] The top view 200 of the ALD system of FIG. 1 also shows 
the distribution grid 120 that is used to direct the energy 
to substrates 112 passing through the processing region 
108. In the embodiment shown, the grid 120 defines 
apertures in a delta shaped pattern so as to expose sub- 
strates 112 rotating through the processing region 108 at 
a constant rotation rate to a constant dose of energy. 

[0061] FIG. 4A,B illustrate two embodiments of a gas injection 
manifold 250, 252 for an ALD system according to the 
present invention. FIG. 4A illustrates the gas injection 
manifold 116a,b that includes the center gas manifold 
section 116a and the outer gas manifold section 116b 
that were described in connection with FIG. 2. An input 
arrow 254 indicates the flow of precursor gases from a 
gas source (not shown) into the center gas manifold sec- 
tion 116a. A plurality of arrows 256 indicate the flow of 
precursor gas from the center gas manifold section 116a 
to the outer gas manifold section 202b. An output arrow 
258 indicates the flow of precursor and by-product gases 
flowing from the reaction chambers 104, 106 to an ex- 



haust gas system (not shown). 

[0062] FIG. 4B illustrates another embodiment of a gas injection 
manifold 252 of an ALD system according to the present 
invention. The gas injection manifold 252 includes a main 
manifold section 260 and three gas distribution sections 
262. An input arrow 264 indicates the flow of precursor 
gases from a gas source (not shown) into the main mani- 
fold section 260. A plurality of arrows 264 indicate the 
flow of precursor gas from the three gas distribution sec- 
tions 262 into the reaction chambers 104, 106. 

[0063] FIG. 5 illustrates a perspective view of an embodiment of 
an ALD system 280 having a reaction chamber 282 in- 
cluding a plasma generator 284 that is used for plasma 
enhanced ALD processing. The ALD system 280 is similar 
to the ALD system 100 described in connection with FIG. 
1. However, the ALD system 280 includes the reaction 
chamber 282 having the plasma generator 284. The 
plasma generator 284 generates a plasma 286 that is 
used for the plasma enhanced processing. 

[0064] The plasma generator 284 can be physically located in the 
reaction chamber 282 as shown in FIG. 5 so that it gener- 
ates the plasma 286 directly in the reaction chamber 282. 
Alternatively, the plasma generator 284 can be remotely 



located relative to the reaction chamber 282 in a down- 
stream configuration. In the downstream configuration, 
the plasma 286 is generated by a remote plasma source 
(not shown) that is physically located outside of the reac- 
tion chamber 282 and then the plasma 286 is directed 
into the reaction chamber 282. 

[0065] FIG. 6 illustrates a perspective view of an embodiment of 
an ALD system 300 including a plurality of reaction cham- 
bers according the present invention. The deposition 
chamber 102 includes four reaction chambers: a first 302, 
second 304, third 306, and fourth reaction chamber 308. 
In other embodiments, the ALD system 300 includes addi- 
tional reaction chambers (i.e. a fifth and sixth, etc.). The 
ALD system 300 also includes the processing region 108 
that can include the apparatus 118 (FIG. 1) for performing 
surface treatments that is described herein. The transport 
mechanism 110 transfers the substrates 112 relative to 
the first 302, second 304, third 306, and fourth reaction 
chambers 308, and the processing region 108 (FIG. 3) as 
described herein. 

[0066] | n addition, the deposition chamber 102 includes a port 

126 that provides access to inside the deposition chamber 
102 so that the substrates 112 can be inserted for pro- 



cessing and removed after processing. In one embodi- 
ment, the ALD system 300 includes a transfer mechanism 
(not shown) that positions the substrates 112 adjacent to 
the port 126 so that the substrates 112 can be easily in- 
serted and removed from the deposition chamber 102. 
[0067] The third 306 and fourth reaction chamber 308 can con- 
tain the same precursor gases as the first 302 and the 
second reaction chamber 304 and can be used to increase 
the throughput. In this embodiment, one rotation of the 
substrates 112 deposits two monolayers of the desired 
film. 

[0068] Alternatively, the third 306 and fourth reaction chamber 
308 can contain different precursor gases that are used to 
deposit a different type of material on the substrates 112. 
For example, in this embodiment, the third 306 and the 
fourth reaction chamber 308 contain precursor gas C and 
precursor gas D, respectively, that are different from pre- 
cursor gas A and precursor gas B. 

[0069] Monolayers of two different types of material can be de- 
posited in any desired sequence. A predetermined number 
of monolayers of one type of film can be deposited on the 
surface of a substrate 112 and then a predetermined 
number of monolayers of another type of film can be de- 



posited on the surface of the substrate 112. Additional 
reaction chambers (i.e. a fifth and sixth, etc.) can be 
added to further increase the number of different types of 
monolayers that can be deposited on the surface of the 
substrate 112. 

[0070] The ALD system 300 of the present invention has rela- 
tively high throughput and can be scaled to accommodate 
a relatively high volume of substrates because multiple 
substrates 112 can be simultaneously processed. For ex- 
ample, multiple substrates 112 can be processed simulta- 
neously in the ALD system 300 by sequentially rotating 
substrates 112 in the deposition chamber 102 to the first 
reaction chamber 302, back to the deposition chamber 
102, to the second reaction chamber 304, back to the de- 
position chamber 102, to the third reaction chamber 306, 
back to the deposition chamber 102, to the fourth reac- 
tion chamber 308, and then back to the deposition cham- 
ber 102. 

[0071] FIG. 7 illustrates a perspective view of an embodiment of 
an ALD system 350 that includes reaction chambers 352, 
354 that rotate relative to the substrates 112 according 
the present invention. The ALD system 350 includes a first 
352 and a second reaction chamber 354 that rotate in the 



deposition chamber 102 so as to cause a relative motion 
between the substrates 112 and the reaction chambers 
352, 354. 

[0072] The reaction chambers 352, 354 are attached to a rotating 
member 356, which is rotated by a motor (not shown) that 
is mechanically coupled to a shaft 358. The rotation rate 
of the rotating member 356 can be precisely controlled. In 
one embodiment, the reaction chambers 352, 354 are ro- 
tated at a constant rotation rate relative to the substrates 
112. In one embodiment, the substrates 112 are rotated 
relative to the reaction chambers 352, 354 to increase or 
decrease the relative motion between the substrates 112 
and the reaction chambers 352, 354. 

[0073] | n another embodiment, the reaction chambers 352, 354 
are attached to independent rotating members. For exam- 
ple, the reaction chambers 352, 354 can be attached to a 
first and a second rotating member, respectively. In one 
embodiment, the rotating members are gears that are 
mechanically coupled to the reaction chambers 352, 354. 
The first and the second rotating members are rotated so 
as to cause the desired relative motion between the sub- 
strates 112 and the reaction chambers 352, 354. The first 
and the second rotating members can be rotated in the 



same or in the opposite direction. 

[0074] FIG. 8A,B illustrate various methods of sealing the reaction 
chambers according to the present invention that prevent 
reactants from escaping from the reaction chambers. FIG. 
8A illustrates a cross section 400 of an edge 402 of a re- 
action chamber according to the present invention having 
a sliding seal 404 that is used to prevent reactants from 
escaping from the reaction chamber. The sliding seal 404 
causes a tight tolerance between the edge 402 of the re- 
action chamber and the deposition chamber 102 that can 
be in the range of approximately 10-40 mils. In one em- 
bodiment, a Teflon O-ring can be used as the sliding seal. 

[0075] FIG. 8B illustrates a cross section 450 of an edge 452 of a 
reaction chamber according to the present invention hav- 
ing a corrugated seal 454 that is used to prevent reactants 
from escaping from the reaction chambers. The corru- 
gated seal 454 maintains the pressure differential be- 
tween the reaction chamber and the deposition chamber 
102. In another embodiment, a gas curtain is used to seal 
the reaction chambers to prevent reactants from escaping 
from the reaction chambers. 

[0076] FIG. 9 illustrates a differentially pumped interface 500 that 
can be used to seal the reaction chambers 104, 106 (FIG. 



1) according to the present invention that prevents reac- 
tants from escaping from the reaction chambers 104, 106. 
The differentially pumped interface 500 illustrates four 
separate regions having different pressures. First 502 and 
second regions 504 correspond to the first 104 and the 
second reaction chambers 106, respectively. The third re- 
gion 506 corresponds to the deposition chamber 102. The 
fourth regions 508a,b correspond to regions between the 
first 104 and the second reaction chamber 106, respec- 
tively, and the deposition chamber 102. 

[0077] The differentially pumped interface 500 illustrates a first 
510a and second gas flow controller 510b that control the 
flow rate of precursor gas A (with carrier gas) and precur- 
sor gas B (with carrier gas) into the first region 502 (first 
reaction chamber 104) and the second region 504 (second 
reaction chamber 106), respectively. In some embodi- 
ments, the first and second gas flow controllers 510a,b 
are adjusted so that the pressure in regions 502, 504 is in 
the 1-10 Torr range. 

[0078] | n one embodiment, the vacuum pump 114 is a molecular 
drag vacuum pump that maintains the third region 506 
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(deposition chamber 102) at a pressure that is in the 10 
Torr range during deposition. A second vacuum pump 



512 is coupled to the fourth regions 508a,b. In one em- 
bodiment, the second vacuum pump 512 is a dry backing 
pump. 

[0079] | n one embodiment, flow control valves 514a,b control the 
pumping speed in the fourth regions 508a,b, respectively. 
In some embodiments, the pumping speed at the inter- 
faces 516a,b between the first and second regions 502, 
504 and the fourth regions 508a,b, respectively, is on the 
order of eight liters/second. In some embodiments, the 
pumping speed at the interfaces 518a,b between the first 
and second regions 502, 504, respectively, and the third 
region 506 is on the order of 2 liters/second. In these 
embodiments, the pressure in the fourth regions 508a,b is 
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in the 10 Torr range. 
Equivalents 

[0080] while the invention has been particularly shown and de- 
scribed with reference to specific embodiments, it should 
be understood by those skilled in the art that various 
changes in form and detail may be made therein without 
departing from the spirit and scope of the invention as 
defined herein. 

[0081] What is claimed is: 



